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(15.75 wt. % PES; 3.75 wt.% ZnO; 3.75 wt.% PVP; 45 s 
Time) 
 
146
Plate 4.8 EDX graph of the optimum membrane 
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Plate 4.9 SEM images of the optimum membrane: (a) - front 
surface; (b) –back surface; (c) –cross section; (d) –high 
magnification cross section 
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Plate 5.1 Different HF membrane structures obtained at various air 
gaps: 0 cm (HF-P1); 2.5 cm (HF-P2); 6 cm (HF-P3); 10.7 
cm (HF-P4); and 20 cm (HF-P5). The dope speed was set 
to 2.54 cm/s; the bore fluid is 0.8 cm3/min; and the take-up 
speed was set to its free falling speed 
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Plate 5.2 Hollow fiber membranes obtained at dope speed equal to 
15.27 cm/s with different AGs: HF-P6 (air gap is 5.5 cm); 
HF-P7 (air gap is 12.5). The bore to dope flow rate ratio is 
1/3 and the take up speed is at free falling velocity of the 
fiber   
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Plate 5.3 Cross sectional structure of HF membranes prepared at 
AG of 5.65 cm with different dope speeds: HF-P8 (dope 
speed is 2.54); HF-P9 (dope speed is 8.48); HF-P10 (dope 
speed is 12.73); HF-P11 (dope speed is 13.58); HF-P12 
(dope speed is 15.27). The bore to dope flow rate ratio is 
1/3. The take up-speed is approximately equal to dope 
speed except for HF-P8 (take-up speed is 3.42 cm/s) 
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Plate 5.4 SEM graph of the HF membrane prepared at different air 
gaps, dope speed of 8.48 cm/s, and draw ratio equal to 1 
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Plate 5.5 SEM graph of the HF membrane prepared at dope speed of 
8.48 cm/s (M3 and M4); SEM graph of the HF membrane 
prepared at dope speed of 15.27 cm/s (M5 and M6) 
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Plate 5.6 SEM graph of the HF membranes prepared at different air 
gaps with a fixed dope flow rate of 15.27 cm/s at a draw 
ratio of less than unity 
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Plate 5.7 SEM graphs of cross sectional images of HF membranes 
spun at approximately similar Rtm values 
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Plate 5.8 SEM cross sectional graph of membranes prepared at Rtm 
longer than the critical value 
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Plate 5.9 SEM cross sectional images: (a) Full cross section; (b) 
Cross section structure; (c) near the outer edge; (d) near 
the inner edge. The numbers 1 and 2 refers to HF-0 and 
HF-3.62, respectively 
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Plate 5.10 Surface images of HF-0 and HF-3.62 HF membranes; a1 
and a2 represents the front surface, b1 and b2 refers to 
back surface corresponding membranes 
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Plate 5.11 AFM surface and phase images of HF-0 and HF-3.62 HF 
membranes; a1 and a2 represent the membrane surface; b1 
and b2 represent the phase image 
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Plate 5.12 FESEM of MM HF membranes prepared at different ZnO-
NPs loading (left image refer to full cross section; right 
image refer to details of cross section morphology 
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Plate 5.13 High magnifications SEM images near the outer and inner 
edges of MM HF membranes prepared at different ZnO-
NPs loadings; images near the outer edge of HF cross 
section at: (a) 10,000 x and (b) 30,000 x; high 
magnification image near the inner edge of HF cross 
section (c) 10,000 x and (d) 30,000 x. The numbers from 1 
to 5 refer to corresponding membrane sample (on the left 
side of the figure)   
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Plate 5.14 Surface images of HF membranes prepared at different 
ZnO-NPs loading: (a): refers to front surface and (b): 
refers to back surface. The numbers from 1 to 5 refer to 
corresponding membrane sample (on the left side of the 
figure) 
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Plate 5.15 EDX surface mapping of ZnO-NPs distributions of HF-0, 
HF-0.5, HF-2, HF-3.62, HF-5 HF membranes 
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Plate 5.16 EDX line distribution of ZnO-NPs along cross sectional 
area of HF membrane of HF-0, HF-0.5, HF-2, HF-3.62, 
HF-5 
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Plate 5.17 AFM surface (left) and phase images (right) for HF-0, HF-
0.5, HF-2, HF-3.62, and HF-5 HF membranes 
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ANOVA Analysis of variance 
APTES Aminopropyltriethoxysilane 
ATRP Free radical polymerization 
BF Bore fluid 
BSA Bovine serum albumin  
BSMM Hydrophobic surface modifying macro molecule 
CA Contact angle 
CAP Cellulose acetate phthalate 
CCD Central composite design  
CNT Carbon nanotube 
CPES Carboxylic polyethersulfone  
CSMM Charged surface modifying macro molecule 
DBPs Disinfection by products 
DEG Diethylene glycol  
DIPS Diffusion induced phase separation  
DOE Design of experiment 
DPS Dihydroxy diphenyl sulfone  
DS Dope speed 
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FESEM Field Emission Scanning Electron Microscopy  
FRR Flux recovery ratio 
HA Humic acid 
HAF Humic acid flux 
HAR Humic acid rejection 
HEMA 2-hydroxyethylmethacrylate  
HF Hollow fiber 
HNTs Halloysite nanotubes  
HS Humic substances 
LSMM Hydrophilic surface modifying macro molecule  
MBR Membrane bioreactor  
MM Mixed matrix 
MWCNT Multiwall carbon nanotubes  
MWCO Molecular weight cutoff 
NIPS Non solvent induce phase separation 
NOM Natural organic matter 
NPs Nanoparticles 
P(MMA-AA-VP) Poly(methylmethacrylate–acrylic acid–vinyl pyrrolidone)  
PAI Poly amide-imide 
PAN Polyacrylonitrile  
PEG Polyethylene glycol  
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PPOX Polypropylene diol  
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PVDF-HFP Polyvinylidene fluoride-co-hexafluropropylene 
PVP Polyvinylpyrrolidone 
PWF Pure water flux 
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RSM Response surface methodology  
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